Nitric oxide synthase (NOS) containing nerve regeneration can be seen six months after unilateral cavernous nerve neurotomy in rats. However its molecular mechanism is still unknown. It is believed that growth factors are involved in this phenomenon. In this study we investigated the change of NOS containing nerve ®bers and the RNA expression of insulin like growth factor (IGF)-I, nerve growth factor (NGF), transforming growth factor (TGF)-a, TGF-b 1 , TGF-b 2 . TGF-b 3 and NOS on the penis after cavernous nerve neurotomy in rats.
Introduction
Erectile dysfunction is a known side effect of radical prostatectomy. 1 According to previous studies, potency is recovered in 41 ± 69% of men in whom at least one neurovascular bundle is preserved with a recovery time of 3 ± 18 months. 2, 3 In a report by enzyme that catalyzes the synthesis of NO, has been used to help recognize and quantify NOS-containing nerves in the penis. 4 Vincent et al 8 have shown that the enzyme nicotinamide adenine dinucleotide phosphate (NADPH) diaphorase speci®cally stains at the same site as a speci®c neuronal NOS antibody and have concluded that neuronal NADPH diaphorase is nitric oxide synthase. Carrier et al 4 have recently demonstrated that NADPH diaphorase colocalizes with antibody directed against NOS in the penis of rats. NOS requires NADPH as a cofactor for the conversion of L-arginine into citrulline and NO.
The mechanism for regeneration of damaged peripheral nerve ®bers is unknown, but growth factors are likely to play an important role in this process. Administration of growth hormone (GH) or insulin-like growth factor-I (IGF-I) induces the regeneration of motor nerves and sensory neurons in the rat. 9 ± 11 Growth factors are polypeptides that interact with speci®c cellular receptors and evoke pleiotropic biological responses such as the modulation of the differentiated phenotype, changes in cell motility and cytoskeletal structure, and altered proliferation and cell growth. 12, 13 A recent study suggests that prostaglandins and TGF-b 1 may play a key role in the modulation of collagen synthesis in the corpus cavernosum, and in the regulation of ®brosis of the corpus cavernosum. 14 However, the mRNA expression of growth factors in regeneration of NOS-containing nerves after rat cavernous neurotomy has not yet been reported.
This present study was undertaken to investigate the mechanism of the regeneration of NOS-containing nerve ®bers within the corpus cavernosum and dorsal nerve by erectile response to electrostimulation of the cavernous nerve or pelvic ganglion, examining the NOS-containing nerve ®bers and mRNA gene expression of bNOS. In addition, we examined growth factors IGF-I, NGF, TGF-b 1 , TGFb 2 and TGF-b 3 which may be responsible for mediating the regeneration of cavernous nerve in rat penile tissue.
We believe that this information will help us better understand the mechanism of potency recovery and the treatment of erectile dysfunction after cavernous nerve injury.
Materials and methods

Experimental animals
Experiments were performed on male adult Sprague-Dawley rats (aged 60 ± 80 d, 250 ± 300 g), divided into three groups: (1) sham operation (n 10); (2) unilateral cavernous nerve segmental resection (n 15); and (3) bilateral cavernous nerve segmental resection (n 15). All animals were eartagged for identi®cation and monitored in a climate-controlled room.
Surgical procedure
Each animal was anesthetized with sodium pentobarbital intraperitoneally (40 mgakg) and placed on a heating pad to maintain body temperature at 37 C. Through a lower abdominal midline incision, the area posterolateral to the prostate was explored, and the pelvic plexus, pelvic nerve, and cavernous nerve were identi®ed and exposed. 15 Operations were performed under an operating microscope (Olympus, Tokyo, Japan; 10 ± 40x).
In the group that underwent a sham operation, only the cavernous nerves were identi®ed but not cut. In the other two groups, unilateral or bilateral cavernous nerve resection was performed by removing a 5 mm segment just distal to the major pelvic ganglion between 2 ties of a 7-zero Dermalone (American Cyanamid, Wayne, NJ) suture. The wound was closed in a two-layer fashion with a running suture of absorbable 3-zero Dexon (American Cyanamid).
Functional evaluation and tissue procurement
At one and three months after surgery, ®ve rats in each group were re-explored for direct electrostimulation of the cavernous nerve before tissue collection; the remaining animals underwent the same procedure at six months. Polyethylene tubing (PE-50 tubing; Intramedic, Parsippy, NJ) was inserted in the left carotid artery through a midline neck incision to record the blood pressure. The major pelvic ganglion, cavernous nerves and pelvic organs were exposed. 15 The skin overlying the penis was incised, and the right penile crus was exposed by removing part of the overlying ischiocavernous muscle. A 23-gauge needle ®lled with 250 Uaml heparin solution and connected to PE-50 tubing was inserted into the crus and ®xed to the tunica with a 7-zero Dermalone suture.
Electrostimulation was performed with a delicate stainless steel bipolar hook electrode attached to a multijointed clamp. (Each pole was 0.2 mm in diameter and separated by 1 mm). Monophasic rectangular pulses were delivered by a signal generator (Hewlett-Packard 801213, Hewlett-Packard, Andover, Massachusetts) with a custom-built constant-current ampli®er. Stimulus parameters were 1.5 mA, frequency 20 Hz, pulse wide 0.2 ms, and duration 50 s. The cavernous nerve or pelvic ganglion was stimulated on both sides. Intracavernous pressures were measured and recorded with a Hewlett-Packard After functional evaluation was completed, a mid-shaft penile segment was marked with methylene blue for orientation and remaining penile tissue was collected. Mid-shaft penile segments was immediately placed into ®xative for NADPH staining and remaining tissues were made fresh with frozen liquid nitrogen for molecular study.
NADPH diaphorase staining
Tissue specimens were ®xed for 4 h in a cold, freshly prepared solution of 2% formaldehyde, 0.002% picric acid in 0.1 M sodium phosphate buffer (pH 8.0). Specimens were cryoprotected for 18 h in cold 30% sucrose in the same buffer. They were then embedded in OCT compound (Tissue-Tek, Miles Laboratory, Elkhard, Indiana), frozen in liquid nitrogen, and stored at 7 70 C. Cryostat tissues were cut into 5 mm sections and adhered to charged slides, air-dried for 5 min, and hydrated for 5 min with 0.1 M sodium phosphate buffer, pH 8.0. Sections were incubated for 45 min at room temperature in 0.1 M sodium phosphate buffer (pH 8.0) containing 0.1 mM reduced-form b-NADPH (Sigma, St. Louis, MO) and 0.2% Triton X-100. The reaction was terminated by washing sections in buffer. Slides were then coverslipped with buffered glycerin as the mounting medium. 16 The presence of NADPH diaphorase-positive nerve ®bers and neurons was easily seen as highly localized, densely blue regions. The staining pattern was assessed blindly by two of the authors, who counted the number of NADPH diaphorase-positive nerve ®bers present in four random ®elds (power 4006) of each corpus cavernosum (endothelium staining was not included in the count), dorsal nerves in the middle area (power 4006) and entire neurons in the major pelvic ganglia (power 2006).
Protein gene product 9.5
After ®xation, slides of 5 mm sections were made and hydrated with 50 mM sodium phosphate buffer (pH 7.4) for 5 min. An incubation of 30 min with 3% neat goat serum in 50 mM sodium phosphate buffer (pH 7.4) plus 0.3% Triton X-100 was followed by an 18 h incubation at room temperature with rabbit polyclonal antihuman protein gene product 9.5 (PGP 9.5) antibody (Accurate chemical and Scienti®c Corp., San Diego, CA) at a dilution of 1:22,500. After three ®ve-minute washes with 50 mM sodium phosphate buffer (pH 7.4) plus 0.3% Tritone X-100, the sections were incubated for 30 min at room temperature with anti-rabbit IgG (Vector Laboratories Inc., Burlingame, CA) at a dilution of 1:200. Sections were washed again three times for ®ve minutes. They were then incubated for 30 min at room temperature with avidin and biotinylated horseradish peroxidase (ABC Kit; Vector Laboratories Inc.) at a dilution of 1:100, followed by three ®ve-minute buffer washes. Sections were then treated with diaminobenzidine tetrahydrochloride (Vector Laboratories Inc.) and washed and mounted with glycerolasodium phosphate buffer (9a1) containing 1.5% 1,4-diazobicyclo-(2.2.2.)-octane (pH 8.6). 17 The ratio of NOS-containing neurons PGP-positive neurons was calculated.
Statistical analysis
Results were compared with the nonparametric Mann ± Whitney U and Kruskall ± Wallis tests (StatView 4.02 software; Abacus Concepts, Berkeley, CA) for unpaired samples. Values were considered signi®cant at P`0.05. Data are expressed as the mean AE standard error of the mean (s.e.m.) unless otherwise stated.
m-RNA isolation and reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA was isolated from the corpus cavernosum and brain using the RNAsol B reagent (Tel-Test, Inc., Friendswood, Texas) according to the manufacturer's instructions. Extracted RNA was treated with RNase-free DNase I (5 U) at 37 C for 30 min to eliminate DNA contamination. The yield of extracted RNA was determined spectrophotometrically by ultraviolet absorbance and 1 mg of each RNA sample was subjected to electrophoresis through 1% mini agarose gel. Complementary DNA was synthesized using Moleney murine leukemia virus reverse transcriptase (MMLV) (GIBCO BRL, Gaithersburg, Maryland) and oligo(dT) primers. In brief, 2 mg of total RNA was mixed with 400 U MMLV, 1.5 mM oligo(dT), 1 mM dNTPs 3 mM MgCl 2 in a volume of 30 ml. Reactions were incubated at 37 C for 90 min, then at 80 C for 10 min to terminate the reaction.
PCR ampli®cation was performed on the resulting RT product using speci®c oligonucleotide primers for nitric oxide synthases and growth factors. The sequences of the primers are listed in Table 1 . The PCR reactions contained 1.2 mM MgCl 2 , 1 mM primers, 200 mM nNTPs, reaction buffer, 2 mg cDNA, and 250 U Taq DNA polymerase in a ®nal volume 30 ml. PCR temperature pro®le consisted of 35 cycles of 94 C for 1 min (denaturation), 55 C for 1 min
Growth factor on regeneration of NOS GW Jung et al (annealing) and 72 C for 2 min (extension). The annealing temperatures were optimized for each primers set to produce the greatest amount of a single PCR product. The identity of the PCR products was con®rmed by agarose gel electrophoresis. To control for the reaction, RT-PCR was also done for the actin using published oligonucleotide primer sequences.
Results
Functional studies
Electrostimulation of either the cavernous nerve or the major pelvic ganglion on the side of the neurotomy could not elicit any erectile response, indicating that the recovery derives from the contralateral intact ganglion cells. The unilateral neurotomy group showed a greater maximal intracavernous pressure at six months than unilateral neurotomy at one month (P`0.001) and three months (P`0.014; Table 2 ). At six months, unilateral neurotomy group showed a shorter latency period between cavernous nerve stimulation and the onset of the intracavernous pressure rise (5.4 AE 0.7 s) than did the same group at one month (11.3 AE 4.5 s; P`0.0001).
Dorsal nerve
Histologic examination of mid-shaft specimens revealed a distinct NOS staining pattern in the dorsal nerve (Table 3) . After unilateral cavernous nerve neurotomy, the number of NOS-containing nerve ®bers on the side of neurotomy at one month (45.8 AE 4.6) was signi®cantly less than in the sham operation group (P`0.0001) ( Figure 1A) . A further decrease was seen at three months (15.8 AE 2.3) but increased at six months ( Figure 1B ; 31.4 AE 4.8). In bilateral neurotomy group, the number of NOScontaining nerve ®bers on the one side of the neurotomy at one month was not signi®cantly different from that of the unilateral neurotomy group. However, no difference in the staining pattern was found at three and six months.
Intracavernous nerves
Histologic evaluation also revealed a distinct staining pattern in the corpus cavernosum (Table 4 ). In the unilateral neurotomy group, only a few NOScontaining nerve ®bers on the side of the neurotomy were present at one month (Figure 2A ; 23.5 AE 2.6), and no signi®cant increase in staining was found at three months, however by six months the number had increased signi®cantly (74.4 AE 5.9; Figure 2B ). In the bilateral neurotomy group, there was no signi®cant difference in the number of NOS-containing nerve ®bers on the one side of the neurotomy at one month when compared with the unilateral neurotomy group. Furthermore, no difference was seen at three and six months.
Major pelvic ganglia
In the unilateral neurotomy group at six months, more NADPH diaphorase-positive neurons were Growth factor on regeneration of NOS GW Jung et al found on the intact side (69.7 AE 8.2; Table 5 ) ( Figure  3A ) than on the side of the neurotomy (25.1 AE 3.9; P`0.03; Figure 3B ) when the ratio of neurons staining positively for NOS and PGP was compared.
In the bilateral neurotomy group, fewer NADPH diaphorase-positive neurons were seen at six months than one month (P`0.034).
bNOS mRNA expression bNOS mRNA expression in sham operation and cavernous nerve neurotomy rat penile tissues could be detected using RT-PCR (Figure 4 ). At one month after neurotomy, the expression of bNOS mRNA in rat penile tissue of the unilateral neurotomy group was signi®cantly lower than the sham operation group. However, complete disappearance of bNOS mRNA was seen in the bilateral neurotomy group. At three months that of unilateral neurotomy group showed signi®cantly more increase than the same group at one month but minimal increase in the bilateral neurotomy group. Figure 5 shows the expression of IGF-I and NGF mRNA transcripts in unilateral and bilateral neurotomy rat penile tissue using RT-PCR technique and speci®c oligonucleotide primers (Table 1 ). In the unilateral neurotomy group, the IGF-I mRNA transcripts were moderately lowered at one month but signi®cantly increased at three months. The expression of IGF-I mRNA in the bilateral neurotomy group was signi®cantly lowered at one month but signi®cantly increased at three months. The level of NGF mRNA transcripts was the same in sham, unilateral and bilateral neurotomy group at one and three months. Figure 6 ) and TGF-b 3 mRNA transcripts were analyzed in unilateral and bilateral neurotomy rat penile tissue using RT-PCR with speci®c oligonucleotide primers. In both unilateral and bilateral neurotomy rat penile tissue, the TGF-b 2 mRNA transcripts were signi®cantly decreased at one month but nearly recovered at three months. The level of TGF-a, TGF-b 1 and TGF-b 3 mRNA transcripts were not signi®cantly changed in sham, Growth factor on regeneration of NOS GW Jung et al unilateral and bilateral neurotomy group at one and three months.
IGF-I and NGF mRNA expression
Discussion
Nitric oxide (NO) has recently been identi®ed as the main neurotransmitter involved in the NANC pathway and is responsible for penile erection. NO is believed to act as a neurotransmitter, eliciting smooth muscle relaxation in the penis by stimulating the formation of cGMP through the activation of Growth factor on regeneration of NOS GW Jung et al guanylate cyclase. NOS catalyzes the synthesis of NO from L-arginine via a Ca calmodulin-dependent mechanism. 18 NOS requires NADPH as a cofactor, and it is now known that NADPH diaphorase, for which a histochemical staining has been available for many years, is NOS. Dawson et al 19 have shown that NADPH diaphorase colocalizes with antiserum directed against NOS in all but a few exceptions, in the brain and the peripheral nervous system of rats and monkeys. The similarity between NOS immunochemistry and reduced b-NADPH diaphorase chemistry in the penis is con®rmed by another study. 4, 7 The nerves within the penis identi®ed by PGP 9.5 staining, an excellent general marker for nerve ®bers, can be either sympathetic, parasympathetic, sensory projecting from the dorsal nerves, and following the arterial supply. Therefore, the presence of nerve ®bers by itself does not pinpoint the source of the erectile pathway. The ability to recognize and quantify the nerve ®bers releasing NO is the best way to determine the integrity of the NOS-containing nerves and the erectile neural pathway.
Erectile dysfunction following extensive pelvic surgery is commonly encountered despite recent advances in surgical anatomy and techniques. Although many patients regain erectile function after radical pelvic surgery, injury to both cavernous nerves usually precludes any meaningful recovery. Within the past decade, cadaveric dissection, anatomic modeling, and animal studies have clari®ed the pathway of cavernous nerves in the pelvis. 20±22 Quinlan et al 17 demonstrated that the rat is an excellent experimental model with several advantages over many known animal models.
In a report by Carrier et al 4 they showed at both three weeks and six months after bilateral cavernous neurotomy, electrostimulation of either the pelvic nerve or the major pelvic ganglion could elicit no response, and the number of NOS-positive nerve ®bers decreased signi®cantly as compared with the control group. The same group also reported that the number of NOS-positive nerve ®bers decreased to a minimum on the side of neurotomy within the corpus cavernosum at three weeks but by six months had regenerated almost to level of the intact side. However, no regeneration of NOS-containing nerve ®bers was seen in the dorsal nerve.
In this present study, the number of NADPH diaphorase-positive nerve ®bers on the side of neurotomy within the corpus cavernosum increased by three months but decreased on the same side of dorsal nerves in the unilateral neurotomy group. The decreased bNOS and NO production is further supported by our ®ndings of signi®cantly lowered level of mRNA of bNOS in unilateral and bilateral neurotomy group at one month. These ®ndings suggest that the regeneration of NOS-containing nerve ®bers within the corpus cavernosum had begun before three months postoperatively but did not occur in dorsal nerves.
In the group that underwent unilateral neurotomy, the number of NOS diaphorase-positive nerve ®bers signi®cantly decreased on the side of the neurotomy of the corpus cavernosum at one month but by six months had regenerated almost to the level of the intact side. In the dorsal nerve, the number of NOS diaphorase-positive nerve ®bers signi®cantly decreased on the side of neurotomy, and by three months had decreased more. However, that of six months had increased compared with three months. Carrier et al 4 concluded that the Growth factor on regeneration of NOS GW Jung et al regeneration of the side of neurotomy consisted of the sprouting of intact nerves from the contralateral corpus cavernosum and that NOS-positive ®bers in the dorsal nerve do not regenerate at six months postoperatively. In this study, NOS-positive ®bers in the dorsal nerve of unilateral neurotomy group increased at six months as compared with at three months. This ®nding shows that NOS-positive ®bers in dorsal nerve regenerate slowly compared with in the corpus cavernosum. In cadaveric dissection, nerve ®bers connecting the cavernous nerves with the dorsal nerves were found. 23 Our results show that the dorsal nerves carry NOS-containing nerve ®bers.
The major pelvic ganglion (MPG) is regarded as the major source of NOS-positive nerve ®bers in penile erectile tissue. 24, 25 Our results support that MPG may be a possible neural source of NOScontaining nerve ®bers in the penis. At six months, in the group of unilateral neurotomy, we observed more NOS-containing neurons on the intact side than the neurotomy side. However, the progressive decrease of NADPH positive neurons within bilateral MPG after bilateral neurotomy. This ®nding supports the proposal by Carrier et al 4 that the regeneration is driven by the sprouting of the neurons in the intact major pelvic ganglion, not the ganglion on the neurotomy side. This is further supported by the fact that stimulation of the major pelvic ganglion on the neurotomy side could not induce an erectile response either at one, three or six months after surgery.
The mRNA for IGF-I in the liver, cartilage, and many other tissues indicate that they are synthesized in these tissues. Physiological concentrations of somatomedines enhance neurite outgrowth in cultured sensory, 26 sympathetic, 27 and motor neurons. 9 Administration of GH and IFG-I increased the rate of sciatic nerve regeneration following crush lesion. 28 These data imply an important role for IGF-I in regulating the development, growth, and maintenance of the central and peripheral nervous system. In this report, IGF-I mRNA expression in the unilateral and bilateral neurotomy group was low at one month but increased at three months. This ®nding indicates that IGF-I has an important role in regulating the regeneration of cavernous nerve on the rat penis after cavernous nerve injury. This phenomenon is supported by our previous study that the number of NOS-containing nerve ®bers not only in the corpus cavernosum but also in the dorsal nerve was signi®cantly decreased on the side of neurotomy at one months, but had regenerated almost to the level of the intact side 29 by three months.
NGF has primarily been implicated as a neutropic factor for selected populations of neurons in the peripheral and central nervous system. 30 It is a protein necessary for the survival and growth of developing sympathetic and sensory neurons and may continue to support these neurons in mature animals. 31 It is also present in the brain and appears to be responsible for the growth and maintenance of cholinergic neurons in the basal horain and striatum. In our study, the expression of NGF mRNA was not changed in sham operation, unilateral and bilateral neurotomy group at one and three months. This ®nding means that NGF does not directly control the regeneration of NOS-containing nerve ®bers after cavernous nerve injury.
TGF-a is a family of EGF-like peptide growth factors, and promotes the proliferation and the development of ectodermal, mesodermal and endodermal cells. 32 It also plays a critical role in embryogenesis, cellular differentiation and angiogenesis. TFG-b is a prototypical, multifunctional cytokine that is isolated from platelets. Of the TGFb 1 -TGF-b 5 isoforms, only TGF-b 1 , TGF-b 2 , and TGF-b 3 have been detected in mammals. 12, 13 Under normal conditions, TGF-b maintains cell number by directly inhibiting cell proliferation and by controlling the potent mitogenic actions of platelet derived growth factor (PDGF), a companion cytokine. It also regulates the amount of extracellular matrix (ECM) by balancing the new synthesis and deposition of ECM by degradation and removal of protases. 13 The production of TGF-b and PDGF is increased in response to injury or disease and cell proliferation and ECM production are appropriately stimulated to repair the injured tissue. In a study of primary cultures of human corpus cavernosum smooth muscle cells, Moreland et al 14 noted the expression of mRNA for TGF-b 1 and receptors for all three types of TGF-b.
In this study, no signi®cant change in the TGF-a, TGF-b 1 and TGF-b 3 mRNA between sham operation group and neurotomy group at one and three months were noted. This indicates that the TGF-a, TGF-b 1 and TGF-b 2 are unlikely to mediate regeneration of NOS-containing penile nerve after cavernous nerve resection. However, there was signi®cantly fewer TGF-b 2 mRNA transcript in neurotomy rat penile tissue at one month which was nearly recovered at 3 months. This provides the evidence that TGF-b 2 may contribute to the regeneration of NOS-containing penile nerve after cavernous nerve injury through a currently unknown mechanism.
Conclusions
To our knowledge, this is the ®rst demonstration that IGF-I and TGF-b 2 has a key role in the regeneration of NOS-containing penile nerve ®bers after cavernous nerve injury. Further studies are needed to identify the mechanism of IGF-I and TGFb 2 in the process of regeneration of NOS-containing penile nerve.
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